To clarify the effect of vegetation and surface soil removal on dissolved inorganic nitrogen (N) dynamics in a snow-dominated forest soil in northern Japan, the seasonal fluctuation of N concentrations in soil solution and the annual flux of N in soil were investigated at a treated site (in which surface soil, including understory vegetation and organic and A horizons, was removed) and control sites from July 1998 to June 2000. Nitrate (NO 3 -) concentration in soil solution at the treated site was significantly higher than that of the control in the no-snow period, and it was decreased by dilution from melting snow. The annual net outputs of NO 3 -from soil at the treated site and control sites were 257 and -12 mmol m -2 year -1 , and about 57% of the net output at the treated site occurred during the snowmelt period. NO 3 -was transported from the upper level to the lower level of soil via water movement during late autumn and winter, and it was retained in soil and leached by melt water in early spring. Removing vegetation and surface soil resulted in an increase in NO 3 -concentration of soil solution, and snowmelt strongly affected the NO 3 -leaching from treated soil and the NO 3 -restoration process in a snowdominated region.
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INTRODUCTION
Nitrogen (N) is an essential nutrient for the growth of terrestrial organisms [1] . The dissolved inorganic N in soil, which is available to vegetation, forms a small proportion of total N, and most forest ecosystems are N limited. Artificial disturbance of forest ecosystems, e.g., clear-cutting or whole tree harvests, often causes the increase in NO 3 concentrations of soil solution and drainage water [2, 3] . A major factor of that is the decrease in vegetation uptake on N that provides more NH 4 + to be available to the nitrifers [2, 3] . Moreover, the changes of microbial effects, e.g., the increase in mineralization and nitrification due to the increase in soil temperature and moisture [4, 5] and the decrease of microbial immobilization [6] , are also important factors. In addition to these biogeochemical effects, there are hydrological effects on the fluctuation of dissolved inorganic N. Since NO 3 is mobile anion in soil, the hydrological movement into soil is very important for the fluctuation of NO 3 concentrations in soil solution. In a snow-dominated region, levels of NO 3 and other elements in forest soil and streamwater increase in early spring due to fast and heavy infiltration of snowmelt water into soil [7, 8] .
In Hokkaido, in northern Japan, snowfall is a significant component of annual precipitation, and the soil preparation of the removal of both covered vegetation (mainly bamboo grass) and surface soil was extensively implemented. This treatment is efficient for assistance of natural regeneration precluded by a thick cover of bamboo grass. It is different from clear-cutting in that it was removed from the forest floor and rooted soil, which was a major N pool of forest soil because it contains a large amount of organic matter, fine root, and a large number of microbes. The mineral soil existed below the root sphere and is less affected by vegetation uptake and microbial activity before treatment exposure. The increase in NO 3 concentration in such an exposed mineral soil was reportedly caused by the decreased microbial immobilization rate [6] . A similar pattern may appear in this study site. Such an intensive soil preparation would often concur with forest management; however, little is known about this.
In a natural, undisturbed Hokkaido forest, NO 3 leaching rarely occurs, although there is a large amount of essential soil output during the snowmelt season [9] . However, leaching large amounts of NO 3 from soil would occur if the soil is disturbed in such a snow-dominated forest. The objectives of this study were to determine (1) the concentration changes of dissolved inorganic N and other soil elements after removal of vegetation and surface soil and (2) the effects of snowpack and snowmelt on the NO 3 concentration and budget of such disturbed soil. Our approach was to measure inorganic ion concentrations in soil solution, rainfall, and snowpack on an annual basisincluding the snowpack and snowmelt seasonsand to calculate fluxes in treated and control sites in Hokkaido.
MATERIALS AND METHODS

Site Description
The study was conducted in Uryu Experimental Forest of Hokkaido University (42°16′N,142°21′E) in northern Hokkaido. The altitude of the site is 320 m.a.s.l. There is no source of acidic pollutants near this region. The soil is Dystrochrept (Soil Taxonomy, USDA 1994), and the parent material consists of andesite of Tertiary Age. The O horizon is about 5-cm thick, the A horizon is about 0-to 10-cm deep, the AB horizon is about 10-to 25-cm deep, the B horizon is about 25-to 35-cm deep, and the C horizon appears under 35-cm deep. The overstory of the forest comprises about seven species: predominantly Quercus crispula, Abies sachalinensis, and Acer mono Maxim., and most of the forest floor is covered by sasa bamboo grass (Sasa senanensis). This study was carried out from July 1998 to October 2000. The mean annual precipitation during the study period was converted from 1467 mm, 40% of which was supplied by snow (from the middle of November to early April). The mean annual temperature during the study period was 4.2 o C. The soil was unfrozen even during winter due to the thermal insulation effect of the dense snow. We divided the observation period into three periods: snowpack period (from November to March the following year), snowmelt period (from April to the middle of May), and no-snow period (from the middle of May to October).
Three study plotsone treated plot (treatment plot: TR plot) and two control plotswere prepared for the study. In the TR plot, the vegetation and surface soil (20-to 30-cm thick) were removed in 1996, and mineral soil was exposed after treatment. The initial vegetation was sasa bamboo grass, and residues of bamboo attended with treatment did not remain and mixed in with the mineral soil. The population of regenerated vegetation seedlings was very small in 1998 and was five to ten plants per square meter in 1999 and 2000. The two control plots were located in wide open forest adjacent to the TR plot; one is thickly covered with sasa bamboo grass (CS plot), and the other is an area of natural mixed forest (CT plot). Each plot was one replication; the area of each plot was 5 × 10 m sited within 1 ha.
Field Observation Method
Ceramic-cup lysimeters were installed in each plot for collecting soil solution. Two lysimeters were installed at 10 cm below the soil surface (upper level) and at 40 cm below the soil surface (lower level, beneath the rooted soil). In November 1998, the two lysimeters specially designed for winter were also installed in each plot and depth. The soil solution collected under the snowpack was stored in one bottle from the three lysimeters, and the bottle was buried in unfrozen soil [9] . The sample collection tube from the bottle was extended above the snowpack and wrapped with electric heating tape to prevent the soil solution from freezing during the sampling procedure. The operation of the heating tape was controlled by a thermistor, which was only turned on when the temperature fell below 4 o C. Thermal insulation tape was wrapped around the heating tape to prevent artificial melting of the snowpack. Heating the sampling tube was done only during sample collecting. Rainfall was collected at an open site adjacent to the TR plot, and throughfall was collected in the CT plot using polyethylene funnels (each 30 cm in diameter) and bottles. Snowpack was collected using a cylindrical snowpack collector (5 cm in diameter). Samples were collected weekly in 1998 and 1999 and monthly in 2000 during the no-snow period. During the snowpack and snowmelt periods, snowpack and soil solution samples were collected one to three times monthly. Soil temperature was measured hourly with a thermo recorder (TR-71S, T&D Corporation).
Chemical Analysis
All water samples were transported to the laboratory and filtered through a 0.2-µm membrane filter to measure the ionic concentrations of major inorganic cations (Na ) by an ion chromatography (DX500 chromatograph system, DIONEX Co. Ltd.). The pH values were measured using a glass electrode.
Elemental Budget Calculation
The elemental budget in each plot was estimated from July 1998 to June 1999. The output of water from soil that was 40-cm deep and scarcely affected by vegetation uptake accounted to subtract the potential evaporation from the input water [9] . Potential evaporation was calculated using the Penman equation based on meteorological data observed at the site remote from the study plot about 5 km, and it was assumed to be zero during the snowpack and snowmelt periods. The amount of input water was estimated from the rainfall in the TR and CS plots, and from the throughfall in the CT plot during the no-snow period. During the snowpack period, the input water to the soil was estimated from the meltwater from the bottom of the snowpack in each plot; melting velocity was assumed to be 0.3 mm day 1 [10] . The total amount of input water in the snowmelt period was calculated as the sum of the snowpack water (collected on February 26, 1999, the day of maximum snow depth) and rainfall after the beginning of snowmelt. The elemental outputs from the soil were calculated from the amount of output water and mean ionic concentration of soil solution at 40 cm in depth. Input fluxes of soil elements were calculated from the amount of input water and mean ionic concentration of rainfall, throughfall, or snowpack during each period.
RESULTS
The Mann-Whitneys two-sample U-test was used to test the significance of differences between treatment and control plots, upper and lower levels, and snowmelt and other periods.
The monthly mean air temperature was highest in August and lowest in February, and the difference between these values was 35
o C (Fig. 1) . Potential evaporation during the no-snow period (May to October) was highest in June and thereafter gradually decreased.
In the TR plot, the mean NO 3 concentration in the soil solution was significantly (p < 0.01) greater than that of CS and CT plots (Fig. 2) . It was applicable to both soil depths. There was no significant difference between the mean NO 3 concentrations in soil solution in the CS and CT plots. The mean NO 3 concentration at the upper level (10 cm) was significantly (p < 0.01) higher than that of the lower level (40 cm) in the TR plot. There was no significant difference of the mean NH 4 + concentrations in soil solution among plots and between upper and lower depths of soil in each plot.
Monthly mean NO 3 concentration in soil solution at 10 cm increased during the warm period from July to September in the TR plot (Fig. 3) . Monthly mean NO 3 concentration in soil solution at 40 cm in the TR plot peaked during the period from September to January, and the timing of the peak was different each year. The standard deviation of concentration increased from January 1999. The mean annual concentration of NO 3 in soil at both depths in the TR plot significantly decreased (p < 0.05) from 1998 to 2000. Some data are missing in Fig. 3, because freezing of the sampling tube made soil solution collection impossible.
The soil temperatures at both depths in the TR plot were significantly (p < 0.01) higher than those in the two control plots during the growing season (JuneOctober) ( Table 1) . Soil temperature at the upper level (10 cm) was significantly (p < 0.05) higher than that at the lower level (40 cm) in the TR plot. Soil temperatures at both depths in the CS plot were significantly (p < 0.05) higher than those in the CT during the growing period.
In the no-snow and snowpack period (from late May to April the following year; NS period), NO 3 and Ca 2+ concentrations at both depths in the TR plot were significant higher than those in the control plots (p < 0.05 and p < 0.01, respectively), but there was no significant difference between SO 4 2 concentrations in the three plots (Table 2 ). In the snowmelt period (from April to late May; SM period), Ca 2+ concentration in soil at 10-cm depth was higher in the TR plot than in the control plots, but there were no interplot differences in concentrations of other elements. The SO 4 2 concentrations in soil at 10 cm in all plots were significantly (p < 0.01) higher in the SM period than in the NS period, whereas in the TR plot the NO 3 concentration at 10 cm was significantly (p < 0.01) lower in the SM period than in the NS period. The NO 3 concentration strongly correlated with Mg
2+
and Ca 2+ (r 2 = 0.889 and 0.872, respectively) in the TR plot during the NS period, but there was no significant correlation during the SM period.
The mean ion concentration of NO 3
, SO 4 2 , Ca
, and Mg
in snowpack water was lower than that in soil solution at all depths in the TR plot. The amount of snowpack water at maximum snow depth was greater in 1999 (Table 3 ) than in 2000 (data not displayed).
There was a large net output of NO 3 from soil in the TR plot during the snowmelt period, but there was no net output of NO 3 from soil in the control plots (Table 4 ). Both Mg 2+ and Ca 2+ were also leached from soil in the control plots during the snowmelt period. The annual net output of NO 3 at the TR plot was 257 mmol m 2 year
1
, and 145 mmol m 2 period 1 was leached in the snowmelt period. The contributions of NO 3 , Mg
2+
, and Ca 2+ net FIGURE 1. Monthly total precipitation and mean air temperature during the study period and monthly total evaporation from May to October at an open site adjacent to the study site. Asterisks denote undetermined. From the middle of November to early April the following year, precipitation was snow. outputs from treated soil during snowmelt to annual fluxes were 57, 89, and 68%, respectively.
DISCUSSION
Fluctuation of NO 3 -Concentration Due to Surface Soil Removal
Removal of vegetation and surface soil resulted in a large increase in the mean concentration of NO 3 in soil solution. Higher NO 3 concentration in the TR plot was considered the major factor in the decrease of the vegetation uptake due to vegetation removal. In addition, the changes of microbial activity would also be an important factor in this study. The intensive soil preparation, deficient in important substrates for microbial metabolism, would cause the decrease in N immobilization, and it caused the increased NO 3 into soil [6] . Moreover, the net production of NO 3 probably increased due to the acceleration of soil N mineralization and nitrification from the increase in soil temperature in the TR plot. The effect of the increase in soil temperature on NO 3 concentration in exposed mineral soil that is less affected by vegetation uptake before treatment may be considered. The mean NH 4 + concentration was not significantly higher, and the mean NO 3 concentration was significantly higher at the TR plot than those at the control plots, suggesting the NH 4 + in the TR plot was nitrified immediately.
Although the nitrification process produces two H ions for each NO 3 , pH in soil solution at the upper level in the TR plot was unchanged by year-round treatment. The mean NO 3 concentration at the upper level was significantly correlated with Mg 2+ and Ca 2+ in the no-snow and snowpack period. These results suggested that the H ions were neutralized by cation exchange and soil weathering. In a snowmelt period, there was no significant correlation of NO 3 with Mg 2+ and Ca
2+
, suggesting that other anions (e.g., SO 4 2 ) contained in the snowpack and soil may also move concurrently with these cations.
The greatest increase in monthly NO 3 concentration at the upper level occurred in the warm period, while that at the lower level occurred later than that at the upper level (Fig. 3) . The decreased evaporation from late summer to autumn may have increased the input water in soil and increased vertical transport of a soil solution of high NO 3 concentration from the upper level to lower level. Moreover, in the snowpack period, the high concentration of NO 3 at the lower level in the TR plot resulted from the transport of NO 3 from the upper to lower levels with a small amount of infiltration of water into soil under the snowpack.
Effect of Snowmelt on Element Concentration and Budget in Treated Soil
The mean NO 3 concentrations in the TR plot were significantly high among plots in the no-snow period, which in the snowmelt period decreased to a similar level of those in the control plots. This indicated that the dilution effect by the large amount of snowmelt water whose concentrations were lower than those of soil solutions (Tables 2 and 3) . We found that a large amount of NO 3 was leached from rooted soil at the treated site in the snowmelt period, and it was probably caused by extensive and rapid infiltration of meltwater into the soil. The nitrification at the TR plot in the snowpack and snowmelt period may be small because the microbial activity declined under low temperatures. Therefore, most of the leached NO 3 in the snowmelt period was produced in the no-snow period, and those were retained in soil under the snowpack and leached by the large amount of meltwater infiltrated into soil in the snowmelt period. Since Rascher et al. [11] suggested that the nitrification under the snowpack may be an important source of NO 3 in surfacewaterseven during snowmelt at northern forestsmore research is needed for nitrification potential under low temperatures.
In the present study, snowmelt lasting for 46 days indicated the rapid leaching of NO 3 in the TR plot. This rapid rate of NO 3 leaching occurring in the snowmelt period of low biological activity probably had considerable effects on an annual leaching of NO 3 in disturbed soil ( Table 4 ). The monthly mean NO 3 concentration in the soil solution in the TR plot decreased annually. The large amount of leaching of NO 3 from soil and the dilution of NO 3 by snowmelt may contribute to the temporal decrease of NO 3 concentration from 1998 to 2000 (Fig. 3) . Moreover, the removal of forest floor and surface soil that are important N sources was the reason for the NO 3 decrease. Although the reduction in the increased NO 3 concentration after clear-cut treatment was caused by the increase in the uptake by regenerated vegetation reported in the previous study [2] , the vegetation in the treated plot in this study barely recovered in 2 to 4 years after the treatment, and its effect of uptake by vegetation on NO 3 concentration in soil solution may be small. Effects of the changes in the vegetation absorption and the microbial activity on the fluctuation of NO 3 will increase along with the regeneration of the vegetation. Therefore, continued observation is needed including the temporal fluctuation of Note: TR, treatment; CS, control (sasa); CT, control (tree-sasa).
NO 3 in soil, the vegetation uptake of NO 3 , and the microbial activity.
CONCLUSION
In a snow-dominated forest, removal of the vegetation and the surface soil resulted in an increase in NO 3 concentration in the soil solution and a large amount of NO 3 leaching from soil. The increase in NO 3 concentration in the soil solution was likely to have been because of decreased vegetation uptake, greater net mineralization, and nitrification rate resulting from surface soil removal and soil temperature increase. Acidification of soil following nitrification did not occur in the treated plot because of proton neutralizing by cation exchange. NO 3 produced at the surface soil was transported to the deeper soil by the water movement in the soil, particularly from autumn to early winter. In the snowmelt period, when the soil temperature and rate of nitrification were lower compared with that in the no-snow period, a large amount of meltwater infiltrated into the soil and caused a rapid, sizeable discharge of NO 3
.
